Abstract Genomic imprinting refers to the epigenetic mechanism that results in the mono-allelic expression of a subset of genes in a parent-of-origin manner. These haploid genes are highly active in the placenta and are functionally implicated in the appropriate development of the fetus. Furthermore, the epigenetic marks regulating imprinted expression patterns are established early in development. These characteristics make genomic imprinting a potentially useful biomarker for environmental insults, especially during the in utero or early development stages, and for health outcomes later in life. Herein, we critically review the current literature regarding environmental influences on imprinted genes and summarize findings that suggest that imprinted loci are sensitive to known teratogenic agents, such as alcohol and tobacco, as well as less established factors with the potential to manipulate the in utero environment, including assisted reproductive technology. Finally, we discuss the potential of genomic imprinting to serve as an environmental sensor during early development.
Introduction Evolutionary Development and Function of Genomic Imprinting
Diploidy confers the genome with a protective mechanism in which aberrations in one gene copy can be rescued by the presence of the alternate copy. However, approximately 1 % of the human protein-coding genome is imprinted, a state referring to mono-allelic expression of genes in a parent-of-origin manner [1] . The presence of such genes overrides the benefit of diploidy and establishes the necessity of both maternal and paternal contributions for a viable fetus [2, 3] . In humans, imprinted genes are largely organized in well-conserved clusters and predominately expressed in the placenta, an organ that facilitates viviparity between mother and fetus [4] . Hence, fetal development is primarily maternally dictated. As early studies showed that paternally expressed imprinted genes promote growth while maternally expressed genes inhibit growth, it has been suggested that the phenomenon of imprinting evolved as a means to balance the bias in parental contributions to fetal development. Based on this theory, a parental conflict arises in which paternally expressed imprinted genes reflect a paternal This article is part of the Topical Collection on Environmental Epigenetics interest to increase fetal nutritional intake to maximize the offspring's fitness. This is countered by maternally expressed imprinted genes that reflect a maternal interest to conserve her own fitness and resources for future offspring [5, 6] . In this context, appropriate development requires a carefully regulated balance in the expression of these genes. Postnatally, imprinted genes continue to play a key role in development and are largely expressed in the brain, influencing suckling, neonatal behavior, appetite, and metabolism [7] .
Perturbation of the established balance between maternally and paternally expressed imprinted genes results in severe deleterious effects on the development of the offspring. Total loss of a parental complement results in unviable embryos, as observed by the failure to thrive of either androgenetic or gynogenetic embryos [2, 3] , while loss of imprinting at specific imprinted loci results in fetal growth syndromes. These loci are often organized to include both maternally and paternally imprinted genes. Hence, loss of imprinting at these regions often results in complementary syndromes with opposing phenotypes determined by the affected allele's parent-oforigin. For instance, depending on the direction of the imposed expression imbalance, aberrations in imprinted genes in the chromosomal region 11p15 can result in either Beckwith-Wiedemann syndrome (BWS), a developmental disorder with clinical features that includes pediatric overgrowth [8] , or Silver-Russell syndrome (SRS), a disorder characterized by prenatal and postnatal undergrowth [9] .
More subtle disruption of imprinted genes have also been linked to several chronic diseases, most notably metabolic disorders such as diabetes [10] [11] [12] . Various studies have shown associations between SNP variants in loci containing imprinted genes and type 1 and type 2 diabetes [10] [11] [12] . Similarly, altered methylation of the imprinted genes GNASAS and INS have been implicated with higher risk of coronary heart disease [13] . Imprinting aberrations have also been linked with an increased risk of carcinogenesis, a link that is likely explained by the fact that placentation shares many key processes involved in tumor development, including rapid growth and angiogenesis. SNP variants in imprinted genes and altered methylation patterns in imprint regulatory regions have been observed in association with basal cell carcinoma [11] , breast cancer [11, 14, 15] , colorectal cancer [16, 17] , hepatocellular carcinoma [18, 19] , leukemia [20] , and ovarian cancer [21] . Finally, as postnatal expression of imprinting genes is predominately observed in the brain, deregulation of imprinted genes has also been implicated in neurobehavioral defects in infants, including handling and quality of movement scores, and psychiatric disorders in adults, such as schizophrenia [22, 23] .
Establishment and Dynamics of Genomic Imprinting
The parent-of-origin-associated mono-allelic expression of imprinted genes is dictated by the establishment, maintenance, and interpretation of epigenetic imprint regulatory elements in specific regions of the genome known as imprinting control regions (ICRs) [24] . These epigenetic imprint regulatory elements include DNA methylation, histone modifications, and long non-coding RNAs (lncRNAs). While regulation is likely dictated by the action and interaction of all these various elements, DNA methylation at ICRs is the most commonly assessed epigenetic element due to its technical feasibility and is, therefore, the most widely studied marker of imprinting.
To date, various mechanisms utilized by ICRs to orchestrate the coordinated regulation of imprinting clusters have been reported. For example, the imprinting status of one gene can be leveraged to dictate imprinted expression of downstream genes. This is the case at the NNAT/BLCAP locus, where the close proximity of NNAT to the alternative promoters of BLCAP results in diverting transcription through the weaker BLCAP promoter when NNAT is transcribed [25] . Similarly, imprinted lncRNAs, such as KCNQ1OT1, have also been observed to regulate the imprinted expression of downstream genes [25] . Chromatin structural changes can also be utilized to coordinate the expression of an imprinting cluster. For example, the imprinted expression of IGF2 and H19 are mediated by methylation patterns that dictate long-range interactions between enhancers and promoters. Here, mutually exclusive access to enhancer elements by the respective promoters is determined by the methylation status of CTCF binding sites [9] . Finally, adding an additional layer of complexity to imprinting regulation is the fact that DNA methylation at ICRs have also been observed to interact with specific histone modifications [26, 27] .
Establishment of imprinting involves a highly unique and articulated set of molecular mechanisms. ICR allele-specific methylation patterns contributing to the allele-specific expression of imprinted genes in fact escape the first genome-wide epigenetic reprogramming wave of the DNA methylation state that occurs following fertilization. Global methylation marks, reflecting the methylation patterns of parental sperm and egg genomes, are erased and re-established during the first wave as the cells of the zygote differentiate into specific lineages. Parental imprint marks are protected from this event and eventually reconfigured as the embryo develops according to the specific imprinting profile of each somatic tissue. During the differentiation of primordial germ cells (PGCs), a second methylation reprogramming event takes place solely in the developing PGCs to establish germ cells with imprinting marks representative of the sex of the developing embryo (i.e., paternal imprints established in primordial sperm cells and maternal imprints established in primordial oocytes) [28, 1] . This re-establishment of imprints during gametogenesis spans the maturation of the gametes, a process that comes to completion by birth for sperm and following puberty for oocytes [29] . These findings, together with the studies that have indicated that the retained imprint marks in somatic tissues undergo re-modeling throughout the gestational period, highlight a previously unknown dynamic in utero state of both somatic and gametic methylation imprints [30, 31] .
The highly regulated molecular mechanism necessary to preserve imprinted marks during the epigenetic reprogramming following zygote formation highlights a possible role of imprinting in epigenetic inheritance. This hypothesis is further supported by additional epigenetic events that take place during the first genome-wide DNA methylation reprogramming wave, including (1) differential protamine-to-histone exchange at ICRs in the paternal chromosome [32, 33] , (2) timely regulated expression of imprinted lncRNAs [34, 35] , and (3) allelespecific ICR transcription intended at protecting ICRs from DNA methylation [36] . Perturbations of these highly regulated mechanisms in the early developmental phases are likely to be detectable in most tissues and to have wide-ranging effects.
The dynamic characteristic of the in utero imprint state suggests that imprinting marks may be sensitive to environmental exposures during pregnancy. Imprinting may therefore be a powerful sensor of alterations of both epigenetic reprogramming at fertilization and fetoplacental development in pregnancy, affording the unique opportunity to assess imprinting as a potential biomarker of the in utero environment.
Environmental Factors Impact Imprinting
A number of studies have explored the impact of environmental exposures on imprinting during the periconceptional and gestational period in human and animal studies. The studies included in the current review were selected based on a PubMed query for each known imprinted gene listed in the GeneImprint database [37] in conjunction with the terms environmental exposure. As summarized in Table 1 , the most widely studied exposures of interest include known teratogenic agents, such as alcohol and tobacco, and organic pollutants. In addition to these traditional exogenous exposures, environmental manipulations with suspected imprinting-specific consequences, such as the use of assisted reproductive technology, as well as maternal nutrition have also been investigated. The following sections outline the known associations between these early life exposures and identified aberrations in imprinting genes.
Maternal Nutrition
The state of maternal nutrition is a critical determinant of fetal development. As such, the impact of maternal nutrition has been widely explored across various model systems. Additionally, identifying relevant windows of susceptibility is a study component most frequently incorporated in studies focusing on maternal nutrition as the exposure of interest. The Dutch famine studies are among the most well-described epidemiologic studies addressing the role of dietary restriction across specific gestational periods on health outcomes of the offspring. In a study examining the effect of famine on methylation levels of 15 imprinted loci, lower levels of INSIGF [48] methylation and higher levels of ABCA1 and GNASAS methylation were observed among individuals exposed periconceptionally and during early pregnancy compared to their unexposed same-sex siblings. A significant sex interaction was observed with the effect on INSIGF restricted to men and the impact on GNASAS methylation more pronounced among women. Interestingly, lower levels of GNASAS methylation were observed in a comparison between individuals exposed to famine later in pregnancy compared to their unexposed same-sex siblings, contrary to the direction of the association observed in the group exposed early in pregnancy. These findings are especially striking as the impact on imprinting was observed up to 60 years after the exposure event, indicating the persistence of the induced alterations [38] . Animal studies have also suggested varying susceptibility due to diet depending on the targeted window of gestation. In a study focusing on the impact of dietary restriction on fetal adrenal activation in sheep, changes in adrenal Igf2 and Igf2r expression were observed when the restriction spanned the periconceptional and preimplantation period, but no changes in the expression of these imprinted genes were observed when the exposure occurred solely in the preimplantation period [39] . In addition to overall food restriction, there is also an interest on the role of specific dietary components, with an emphasis on nutrient supplements known to be involved in methyl group metabolism, including folate, betaine, and vitamins B6 and B12 [40] . Contrary to the findings of studies focusing on overall food restriction, an epidemiologic study investigating the impact of folate intake on select imprinted loci observed higher methylation of IGF2 and lower methylation of PEG3 when the folate intake was restricted to 12 weeks after conception. No association between folate supplementation and methylation of the selected loci were observed when the window of analysis was restricted to the periconceptional or early pregnancy period [41] .
Alcohol
Alcohol is a known teratogen, with in utero exposure linked to fetal alcohol syndrome, a developmental disorder that includes behavioral and neurodevelopmental deficits. Several studies focusing on identifying exposure-susceptible genetic targets responsible for the associated developmental phenotypes have reported on the role of imprinted genes as potential mediators. These studies varied in the administration, dose, and window of the alcohol exposure. Still, a few trends have emerged. Methylation of the H19 differentially methylated region (DMR) was observed to be hypomethylated in the F1 sperm of pregnant mice orally exposed to 0.5 mg/kg/day ethanol during gestational days 10-18 [42] . Interestingly, this DMR was also observed to be hypomethylated in the F0 sperm of male mice exposed intragastrically prior to mating [43•] . Additionally, in a study where female mice were orally exposed to 7 g/kg/day from 7 days prior to mating until 15-17 days after mating, Ndn expression was upregulated in the neural progenitor cells of the embryos [44] . Ndn expression was also upregulated in the F1 cerebral cortex when the male parent was exposed prior to mating [43•] . Some inconsistencies remain unresolved. In the cerebral cortex of F2 mice, alcohol exposure during the prenatal period was associated with a decrease in Snrpn methylation [43•] . However, in another study, no differential methylation of Snrpn was observed in the brains of the F2 mice following alcohol exposure during the gestational period [42] .
BPA
Bisphenol A (BPA) is a ubiquitous plasticizer long suspected to be an endocrine-disrupting agent and among the most commonly investigated organic pollutants. As for other exposures, studies that have investigated the role of BPA exposure on imprinting during development differ in the administration, dose, and timing of exposure depending on the question of interest. Despite these differences, these studies reveal that the impact BPA exerts on imprinting and phenotype is temporally and spatially specific. In a study examining the impact of BPA exposure on imprinting in embryonic and placental tissues in a mouse model, a greater number of imprinting errors were observed in the placenta than in the embryonic body. Additionally, an impact on imprinting could be observed at lower doses in the placenta than the embryo, suggesting that placental tissues are more sensitive to exposures than the protected embryo. Further analysis also revealed pathological differences between BPA-exposed and BPA-unexposed placental tissues [45•] . The temporal window of exposure also determined the effect on imprinting. In a mouse model study where the window of exposure was set to 8.5-12.5 days post coitum, loss of imprinting (LOI) was observed in just 2 out of 39 analyzed genes, Slc22a18 and Rtl/Trl1as, across various embryonic tissues [46] . Similarly, in Susiarjo et al.'s study, when exposure was set to embryonic days 5.5-12.5, no differential LOI was observed in any of the 5 genes analyzed, which included several genes analyzed in Kang et al.'s study. However, when exposure spanned from 2 weeks prior to mating until embryonic day 9.5, LOI was observed in several genes, including Snrpn, Igf2, and Kcnq1ot1, in embryonic and placental tissues [45•] .
Tobacco
Similar to alcohol, tobacco is a known teratogen, and the impact of fetal tobacco exposure is of continual concern. While few studies have specifically sought out the impact of in utero tobacco exposure on imprinting aberrations, differential methylation levels in imprinted genes have been identified in epigenome-wide association studies. In a 450K analysis conducted in the Norwegian Mother and Child Cohort Study (MoBa) to assess the impact of maternal smoking on cord blood methylation levels, multiple GFI1-related CpG sites were shown to be inversely associated with maternal cotinine levels [47] . Several of these sites were validated in a 450K analysis conducted in the Norway Facial Clefts Study (NCL) where smoking history was self-reported. Additionally, infants of active smokers had significantly higher methylation levels of MEG3-related CpG sites measured in blood DNA than infants of non-smokers/passive/infrequent smokers [48] . The identified MEG3 sites were also observed to be nominally significant in the MoBa study [47] .
Assisted Reproductive Technologies (ART)
The use of assisted reproductive technologies, including in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), involves procedures such as ovarian stimulation and embryonic culture. As imprinting marks are set during this period, errors may be introduced as a result of these artificial manipulations. While studies have reported an increased incidence of imprinting disorders among individuals conceived through ART, it is still unclear whether the observed trends are related to the use of the ART or reflect other underlying features related to ART use and fetal abnormalities, including advanced parental age and subfertility. A number of studies have investigated the impact of ART on imprinting errors. A case study by Hiura et al. indicated that among BWS and SRS cases with known methylation aberrations at the DMRs typically associated with these disorders, the presence of errors at additional DMRs is more common among BWS and SRS cases conceived via ART compared to BWS and SRS cases conceived naturally [49] .
While the manipulations involved are largely shared between IVF and ICSI treatments, it still remains to be addressed whether these treatments should be considered as distinct exposures. A case-control study assessing placental DMRs of infants conceived either naturally or through IVF/ICSI determined no significant differences in the methylation levels of the selected DMRs between IVF-and ICSI-conceived infants. Combining both treatments, lower levels of MEST and H19 methylation levels were observed among the ART cases compared to controls. Additionally, higher expression of H19 was observed among the ART cases compared to controls. However, no difference in MEST expression levels was observed [50] . Contrary to these findings, a mouse model study did observe differences in testes gene expression levels between IVF and ICSI cases, including genes assessed in the human study. In the mouse model study, reduced expression of Kcnqo1t1, Mest, Peg3, Plagl1, and Snrpn was observed among ICSI cases compared to naturally conceived controls in the F1 generation. Additionally, higher levels of methylation were observed in Mest, Peg3, Plagl1, Snrpn, and KvDMR. Altered expression and methylation levels of several of these genes could still be detected in the F2 generations [51] . However, the overall conclusions that can be drawn from studies focusing on ART are often limited by the low number of available cases for analysis.
Perspectives
While the literature does support the possible reprogramming of imprinted marks during early development due to environmental exposures, several points will have to be addressed to clarify the role of genomic imprinting in the exposure-outcome paradigm. Key among these is a focus on more comprehensive assessments of imprinting loci. To date, most studies report analyses of a few imprinting loci at a time. Moreover, while ∼100 imprinted human genes have been identified and hundreds more are predicted, most published results focus on a small subset, primarily the well-described genes IGF2 and H19. Such limited scope is at least partially attributable to limitations in the methodologies available to assess imprinting. In terms of overall expression, assessment of imprinted genes requires highly quantitative assays (such as qPCR) as expression is tightly regulated; thus, array-based methodologies (such as microarrays) are less ideal for measuring imprinted genes since they lack the required sensitivity. Assessing allele-specificity, on the other hand, requires the difficult task of distinguishing differential expression between nearly identical parental alleles.
Currently, the conventional methodology to determine imprinting is through the assessment of ICR methylation levels. However, ICRs have been clearly defined for only a subset of the known imprint genes; the assessment of differential methylation at these sites likely reflects only one of multiple means of regulation; and as the differential levels of methylation observed at these sites often span only a few percentage points, the biological relevance of the reported findings remains unclear. In fact, few studies have been able to link DNA methylation levels at these sites with expression levels, highlighting a less straight-forward relationship between the role of imprint regulatory marks and their impact on the expression of these loci [52, 53] .
Rather than using proxy measures, parent-of-origin specific mRNA levels can be determined using RT-qPCR methods [52] . These assays provide comprehensive measurements of LOI that are independent of imprinting mechanism. However, they are labor-intensive and rely on the presence of prevalent SNPs in the transcript that allow for sufficient numbers of informative heterozygotes to identify parent-of-origin, restricting the number of loci that can be investigated using this method.
The number of loci investigated is also influenced by the number of loci that has been identified thus far.
Current genome-wide approaches to identify additional candidates include array-based technologies, transcriptome profiling, and bisulfite sequencing. However, identification of imprinted genes through such experimental efforts may be hampered due to the fact that mono-allelic expression of a gene may only be present in a specific isoform, tissue, or developmental window [52, 54] .
These limitations can be overcome with computational methods to identify imprinted genes.
These are largely informed by genetic and epigenetic sequence features commonly associated with known imprinted genes [28, 55] . However, few sequence motifs have been identified thus far, and while promising, to date, only few putative imprinted genes have been experimentally validated, indicating a propensity of current models to still generate a large number false positives.
As the technology for more high throughput assessments of expression and methylation becomes more refined, a more complete profiling that will include previously less represented imprinted genes as well as accounting for the likely interaction among these genes will be called for.
In addition to expanding the investigated loci, a greater focus needs to be exerted to further delineate the observed associations between environmental exposures and imprinting aberrations. This is most feasibly accomplished in studies utilizing animal models where exposure periods are well-defined, subsequent imprinting defects can be identified in target tissues, and the persistence of these defects across generations can be examined. However, drawing meaningful conclusions from the studies that have been conducted thus far has been hampered by the variability in exposure administration, timing, and dosage. Additional studies will need to be conducted to clarify the differences in results obtained due to these varying factors.
Finally, in studies that relate exposures to specific phenotypes, the relationship between the exposure and phenotype and the relationship between exposure and imprinting status are often evaluated separately. While positive associations from these separate constructs are used to infer that any existing association between exposure and phenotype is mediated by imprinted genes, such conclusions can only be drawn once more formal testing of the associations has been conducted. Hence, to further elucidate the biological mechanism underlying the pathway between exposure, imprinting, and outcome, multiple measures of imprinting and a more refined analysis linking these endpoints to the exposure and outcome of interest should be included in future studies.
Conclusions
The precise regulation of imprinted genes is critical for normal development. As imprinting is established early in development, alterations in the environmental milieu during this window can result in aberrations with the potential for deleterious health consequences. The literature does indicate a responsiveness of imprinted genes to environmental factors during specific windows of development, suggesting the potential of these marks to serve as environmental sensors.
